This review deals with synthesis and reactions of some naphthopyrano derivatives and their applications. The main purpose of this review is to present a survey of literatures on the reactivity of naphthols and their derivatives toward α-cyanocinnamonitrile or ethyl α-cyanocinnamate derivatives and the reactions of β-enaminonitriles and β-enaminoesters with different electrophiles followed by nucleophilic reagents. Some of these reactions have been applied successfully to the synthesis of biologically important compounds. Naphthols Naphthopyran Nucleophilic reagents α-Cyanocinnamonitrile Naphthopyranopyrimidine Naphthopyranotriazolopyrimidine
Introduction
Naturally occurring naphthopyrans have a variety of interesting biological activities and physiological properties [1, 2] . Among these, mollugin (I) and 3,4-dihydromollugin (II) were isolated from the medicinal plant Rubia cordifolia in China and India ( Figure 1 ) [3] . The dried roots and rhizomes of this plant are used officially as herbal medicine in the Chinese Pharmacopeia for treating arthritis, dysmenorrhea hemostasis, and other diseases [4] . In India, this plant has been used for treatment of rheumatism, menstrual pain, and urinary disorders [5] . Mollugin (I) was also isolated from rhizome of Galium mollugo, which is found in many rubiaceous herbs in Europe and Africa [6] . Mollugin (I) and its analogue, 3,4-dihydromollugin (II), have biologically interesting properties such as antitumor [7] , antimutagenic [8] , antileukemia [9] , antiinflammatory [10] , and antiallergic activities [10] . 
Synthesis of 4H-naphtho[2,1-b]pyrans

Synthesis from 6-methoxy-2-naphthol
Condensation of 6-methoxy-2-naphthol (1) with α-cyano cinnamonitriles, 2a-f and/or ethyl α-cyanocinnamates, 2g-l, afforded the corresponding 2-amino-4-aryl-7-methoxy-4H-naphtho [2,1-b] pyran-3-carbonitriles, 3a-f, and ethyl-2-amino-4-aryl-7-methoxy-4H-naphtho [2,1-b] pyran-3-carboxy-lates, 3g-l, respectively [11, 12] (Scheme 1). A mechanism for the piperidine catalyzed formation of the naphtho [2,1-b] pyran derivatives 3 is outlined in Scheme 2. b) An efficient bifunctional thiourea catalyzed additioncyclization reaction of arylidenemalononitriles 2 with 2-naphthol (4) is realized under mild conditions to afford the corresponding 2-amino-3-cyano-4-aryl-4H-naphtho [2,1-b] pyrans (5) , in high yields and moderate enantioselectivities (Scheme 4 ) [14] . Scheme 4 c) A novel bifunctional thiourea-tertiary-amine-catalyzed enantioselective Friedel-Craft-type addition reaction of 2-naphthol (4) with β,γ-unsaturated α-keto ester, 6, was developed. Subsequent dehydration of the reaction adducts with a catalytic amount of concentrated H2SO4 in a one-pot fashion readily afforded a series of new optically active naphthopyran derivatives 7 (Scheme 5), with moderate to good yields (up to 91%) and enantio selectivities (up to 90%) [15] . A mechanism for the bifunctional thiourea-tertiary-amino-catalyzed formation of the naphthopyran derivatives 7 is outlined in Scheme 6. 
Synthesis from multicomponent reactions
a) Methanesulfonic acid efficiently catalyzes the one-pot, three component reaction of an 2-naphthol (4), aromatic aldehyde and malononitrile to yield 2-amino-3-cyano-4-aryl-4H-naphtho[2,1-b]pyrans (5) in good yields (Scheme 7) [16] . A mechanism for the methanesulfonic acid catalyzed formation of the naphtho[2,1-b]pyran derivatives 5 is outlined in Scheme 8.
Scheme 7
Scheme 8 b) Naphtho[2,1-b]pyran derivatives, 5, have been synthesized involving a one pot three-component reaction of an aldehyde, malononitrile and 2-naphthol (4) using catalytic amounts tetra-butyl ammonium bromide (TBABr) under aqueous conditions (Scheme 9) [17] . (5) via a one-pot three-component reaction of aromatic aldehydes, 2-naphthol (4), and malononitrile at room temperature [18] . The short reaction times, easy workup, good to excellent yields, and mild reaction conditions make this domino Knoevenagel-Michael reaction both practical and attractive (Scheme 10). A mechanism for the DABCO catalyzed formation of the naphtho[2,1-b]pyran derivatives 5 is outlined in Scheme 11 [19] . The greener protocol was found to be fairly general and the aqueous reaction media was reused in subsequent reactions with consistent activity (Scheme 12).
Scheme 12
e) The model reaction was carried out simply by mixing of 4-chlorobenzaldehyde, malononitrile and 2-naphthol (4) using Na2CO3 as catalyst afforded 2-amino-3-cyano-4-(p-chloro phenyl)-4H-naphtho[2,1-b]pyran (5) . In the absence of catalyst no reaction was observed at room temperature (Scheme 13) [20] . A mechanism for the Na2CO3 catalyzed formation of the naphtho[2,1-b]pyrans 5 is outlined in Scheme 14.
Scheme 13
Scheme 14
f) An aqueous solution of thiourea dioxide (TUD) was used to catalyze a one-pot three-component coupling reaction of an aromatic aldehyde, malononitrile, and 2-naphthol (4) for the synthesis of various naphthopyran derivatives 5 in excellent yields (Scheme 15) [21] . A mechanism for the TUD catalyzed formation of the pyran derivatives 5 is outlined in Scheme 16.
Scheme 15
g) Naphthopyran derivatives 9 have been synthesized involving a one pot three-component reaction of an aldehyde, active methylene substrate 8, and 2-naphthol (4) catalyzed by Bronsted acid molybdophosphoric acid [phosphomolybdic acid (PMA)] (Scheme 17) [22] . A mechanism for PMA catalyzed the formation of the pyran derivatives 9 is outlined in Scheme 18. h) The condensation of 2-naphthol (4), aromatic aldehde and 5,5-dimethyl-1,3-cyclohexanedione (10), the presence of a catalytic amount of tungstophosphoric acid [phosphotungstic acid (PWA)] (5 mol%) at 60 °C under solvent-free condition afforded 12-(4-chlorophenyl)-9,9-dimethyl-8,9,10,12-tetrahydrobenzo-[a]xanthen-11-one (12) (Scheme 19) [23] . A mechanism for the PWA catalyzed formation of the pyran derivatives 12 is outlined in Scheme 20.
Scheme 19
Scheme 20 i) Treatment of 2-naphthol (4), triethyl orthobenzoate (12) and acetophenone derivatives 13 and, in the presence of a catalytic amount of bis (2- 
Synthesis from 6-bromo-2-naphthol
Condensation of various substituted α-cyanocinnamo nitriles (2a-e) ethyl 3-aryl 2-cyano acrylates (2f-j) with 6-bromo-2-naphthol (22) in ethanolic piperidine afforded naphthopyrano derivatives (23a-j) (Scheme 31) [31, 32] .
Scheme 31
Synthesis from 2-(4-hydroxy-3-methoxybenzylidene) malononitrile
The 2-(4-hydroxy-3-methoxybenzylidene)malononitrile (25) [33] was prepared by reaction of molononitrile with 4-hydroxy-3-methoxy benzaldehyde (24) , which upon condensation with 2-naphthol (4) to 2-amino-3-cyano-4-(4- (26), respectively (Scheme 32) [34] .
Scheme 32
Synthesis from 1-phenyl-3-aryl-pyrazole-4-carbaldehyde
Naphthopyran derivatives 28 have been synthesized by one-pot three-component cyclocondensation reaction of 1-phenyl-3-aryl-pyrazole-4-carbaldehyde (27) , malononitrile and 2-naphthol (4), respectively [35] , in the presence of piperidine as catalyst. The mixture refluxing under ethanol or acetonitrile gives moderate to good yield (50-76%) (Scheme 33). A mechanism for the piperidine catalyzed formation of the naphthopyran derivatives 28 is outlined in Scheme 34.
Scheme 33
Scheme 34
Synthesis from 2-naphthol by [Fe(HSO4)3]
2,4-Diaryl-4H-naphtho[2,1-b]pyran (29) was synthesized by one-pot reaction from 2-naphthol (4), aromatic aldehydes and acetophenones (13) in acetonitrile in the presence of ferric hydrogensulfate. In the present study, the target products have been synthesized through new approach in good to excellent yields (Scheme 35) [36] . A mechanism for the Fe(HSO4)3 catalyzed formation of the naphthopyran derivatives 31 is outlined in Scheme 36. (35) have been synthesized by a novel one-pot method which involves cyclocondensation of 2-hydroxy-1-naphthaldehyde (31) with 5-methyl-1,3,4-thiadiazol-2-ylsulfanyl-, 1H-1,2,3,4-tetrazol-1-yl-, 1H-indol-3-yl-, quinolin-8-yloxy-and 4-methylquinolin-2-yloxy-acetic acids (34) in the presence of DCC-DMSO using microwaves as well as conventional heating (Scheme 38) [38] .
Scheme 38
Synthesis from of dimethyl acetylenedicarboxylate (DMAD) or dibenzoylacetylene
The reaction of dimethyl acetylene-dicarboxylate DMAD or dibenzoylacetylene (36) with tert-butyl isocyanide (37) in the presence of naphthols, proceeded spontaneously at room temperature in dichloromethane, and produced 2-tertbutylamino-4H-naphtho[2,1-b]pyrans 38-40 (Scheme 39) [39] . A mechanism for the formation of the pyran derivatives, 39-41, is outlined in Scheme 40. 
Synthesis from 4-chloro-1-naphthol
Thus, condensation of various substituted benzyliden malonitrile (2a-e) and ethyl 3-aryl 2-cyano acrylates (2f-j) with 4-chloro-1-naphthol (41) in the ethanolic piperidine afforded naphthopyran derivatives 42a-j (Scheme 41) [40, 41] .
Scheme 41
Synthesis from 4-methoxy-1-naphthol
Reaction of 4-methoxy-1-naphthol (43) with α-cyano-pchlorocinnamonitrile (2e) or ethyl α-cyano-p-chlorocinnamate (2j) in ethanolic piperidine afforded naphthopyrano derivatives 44a,b (Scheme 42) [42] . (45) under microwaves. The reaction is rapid, clean and gives the products in high yields. The catalyst is reusable; however, there was reduction in the yield of the product (Scheme 56) [47] . The reaction is highly regioselective. This process is industrially viable due to the use of water as a solvent and γ-alumina as an inexpensive and reusable catalyst. However, one drawback of this methodology is 1-naphthol (45) can only be used as an activated phenol. The preparation of these compounds has also been reported by Wang et al. [49] using KF-alumina as a catalyst (Scheme 58). 
Synthesis from 1-phenyl-3-aryl-pyrazole-4-carbaldehyde
Naphthopyran derivatives 49a-g has been synthesized by one-pot three-component cyclocondensation reaction of 1-phenyl-3-aryl-pyrazole-4-carbaldehyde (27a-g), malononitrile and 1-naphthol (45), respectively, in the presence of piperidine as catalyst (Scheme 60) [35] .
Scheme 60
Synthesis from 1-naphthol by [Fe(HSO4)3]
Synthesis of 2,4-diaryl-4H-naphtho[1,2-b]pyrans 50 by one-pot reaction from 1-naphthol (45) , aromatic aldehydes and acetophenone in acetonitrile in the presence of ferric hydrogen sulfate. In the present study, the target products have been synthesized through new approach in good to excellent yields (Scheme 61) [36] .
Scheme 61
Synthesis from of dimethyl acetylenedicarboxylate DMAD or dibenzoylacetylene
The reaction of dimethyl acetylenedicarboxylate DMAD or dibenzoylacetylene (36) with tert-butyl isocyanide (37) in the presence of 1-naphthol (45) , proceeded spontaneously at room temperature in dichloromethane, and produced 2-tertbutylamino-4H-naphtho[1,2-b]pyrans 52 (Scheme 62) [39] . 
Carbon disulfide or phenyl isothiocyanate [13]
Treatment of compound 5 with carbon disulphide in alcoholic postassium hydroxide furnished 9,11-dithione derivative 62, whereas treatment with phenyl isothiocyanate yielded the 9-thione derivative 63 (Scheme 67) [13] . 
Aromatic aldehyde
Condensation of compound 43 with benzaldehyde or 4-methyloxy-benzaldehyde in dioxin-piperidine solution under reflux afforded the corresponding arylmethyleneamino derivatives 64a-f (Scheme 68) [41] . 
Active methylene reagents
Compound 2-(3-amino-2-cyano-1H-benzo[f]chromen-1-yl)-malononitrile (79) was condensed with different active methylene reagents such as methyl 3-oxobutanoate (80b), 2,4-pentanedione (80c) and 1,3-diphenyl-1,3-propanedione (80d) to give the corresponding pentacyclic compounds 82b-d (Scheme 74). According to the literature results [52, [53] [54] [55] the heterocycles obtained in the reaction between aminonitriles and β-dicarbonyles is formed via the intermediate β-enaminodiones (81). These intermediates have never been isolated possibly due to their fast intramolecular cyclization to heterocyclic rings.
Therefore, the structure of compounds 82a-d is rationalized in terms of the initial formation of the intermediate 81, which on subsequent intramolecular cyclization followed by elimination of a water molecule and partial dehydrogenation under the reaction conditions affords the final product (Scheme 74) [51] .
In a similar manner, compound 79 condensed with benzoylacetonitrile (80e) under the previous reaction conditions to yield a product formulated as 82e (Scheme 74). Moreover, a mixture of equimolar amounts of compound 79 and malononitrile (80f) reacted in refluxing ethanol and in the presence of a catalytic amount of piperidine to yield a solid product naphthyridine 84 (route A) or pyridopyrimidine 86 (route B) (Scheme 74). Thus it appears that the dicyanomethyl anion attacks the cyano group of 79 yielding the intermediate 83 (route A) which by intra-molecular cyclization between amino and cyano groups with partial dehydrogenation under the reaction conditions gives compound 84 (Scheme 74) [51] .
Scheme 74
2-Amino-5-methyl-benzo [5, 6] Trinitriles 79 reacted with ammonium acetate in molar ratio 1:2 to afford 2,6-diamino-4-(2-hydroxy-1-naphthyl)-3,5-pyridine-dicarbonitrile (90). Compound 90 was converted, in the presence of hydrochloric acid, into 2,4-diamino-5-oxo-5H-benzo [5, 6] 
Cyclohexanone
The cyclocondensation of 2-amino-3-cyano-4H-4-arylnaphthopyran derivatives 5 with cyclohexanone (93) in DMF in the presence of anhydrous zinc chloride under reflux gave two different skeletons compounds, one is quinolines 94 (tacrineanalogues) from the famous Friendlander condensation, and another one is the spiro compound 95 from new annulation (Scheme 76). A plausible mechanism was proposed (Scheme 77) [56] . [57] .
Compound 106 was allowed to react with benzaldehyde and/or 4-chlorobenzaldehyde to give the corresponding expected Schiff's base 107. However, the isolated compounds proved to be the new and unexpected compounds 108a,b formed via simultaneous nucleophilic attack of the sulfur atom on the hydrazone carbon with cyclization to the new thiadiazole derivatives 108a,b, as shown in (Scheme 80) [57] . [63] .
Scheme 87
The photochromic properties of naphthopyrans (125) have been extensively studied in the last decade due to the wide range of applications with prominence in the manufacture of ophthalmic plastic lenses and solar protection glasses (Scheme 89) [64] [65] [66] [67] . [76, 77] .
Scheme 94
Conclusions
Naphthopyran derivatives have been reported in the literatures as a result of fusion of naphthalene moiety to the pyran ring and were synthesized either starting with naphthols and arylidene in presence catalyst. Also naphthopyran derivatives were prepared by multicomponent reactions (Aromatic aldehyde, naphthols, active methylene compounds) in presence catalyst. Naphthopyran derivatives described have been reported to furnish interesting biological properties.
